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The m-plane GaN films grown on LiAlO2100 by metal-organic chemical vapor deposition exhibit
anisotropic crystallographic properties. The Williamson–Hall plots point out they are due to the
different tilts and lateral correlation lengths of mosaic blocks parallel and perpendicular to
GaN0001 in the growth plane. The symmetric and asymmetric reciprocal space maps reveal the
strain of m-plane GaN to be biaxial in-plane compress xx=−0.79% and zz=−0.14% with an
out-of-plane dilatation yy =0.38%. This anisotropic strain further separates the energy levels of top
valence band at  point. The energy splitting as 37 meV as well as in-plane polarization anisotropy
for transitions are found by the polarized photoluminescence spectra at room temperature. © 2008
American Institute of Physics. DOI: 10.1063/1.2951618
The wurtzite structure of III-nitrides leads to electro-
static fields along the 0001 direction due to spontaneous
and piezoelectric polarization, when the film is grown on
c-oriented substrates.1 These built-in electric fields along the
0001 direction separate the electron and hole wave func-
tions in a quantum well QW thereby reducing the recom-
bination probability of electron-hole pairs. Consequently, it
results in reduction of quantum efficiency of light-emitting
diodes.2 A way to overcome this deficiency is to grow GaN-
based QWs along nonpolar orientations, for example, m
plane3,4 or a plane.5,6 It has been shown that the electric field
can be avoided in such nitride QWs. When 11¯00 or 112¯0
becomes the growth direction, the c axis of GaN lattice lies
down in the growth plane. As a consequence, the C6v hex-
agonal symmetry of the c growth plane is reduced to C2v
symmetry of the m growth plane. Firstly, it would show the
anisotropic crystallographic characteristics.7,8 Secondly, the
nonpolar GaN films experience strong anisotropic deforma-
tion due to different in-plane lattice mismatches and thermal-
expansion coefficients between GaN and underlying sub-
strates. In the case of c-plane GaN films, isotropic strain in
the c-plane preserves C6v symmetry in the x-y plane so that
no significant in-plane physical anisotropy occurs. The situ-
ation is quite different for nonpolar GaN films. Anisotropic
in-plane strain components further lift the symmetry in the
growth plane, which significantly modify the top three va-
lence band VB states at  point.9,10 Both the energy split-
ting and polarization selection of the transitions between
conduction band CB and VB have been observed by ab-
sorption, reflectance, and photoreflectance spectroscopy.11,12
Recently, transmission anisotropy spectroscopy has been uti-
lized to obtain the energy splitting and polarization informa-
tion of m-plane GaN films.13
Although the in-plane strain components are important
for the modifications in band structure of nonpolar GaN, it is
still difficult to experimentally determine the full state of
strain. In the case of m plane, GaN films are grown along
GaN 11¯00 direction. The growth plane is the x-z plane, and
the growth direction is along the y axis. The strain of the
epilayer is anisotropic xxyy. The out-of-plane strain yy
can be measured by symmetric reflection, two in-plane strain
components xx and zz cannot be directly obtained. They
could not be measured by high resolution x-ray diffraction
HRXRD using edge symmetric geometry or 2 diffrac-
tion peaks for different azimuthal positions, unless GaN
films are thick enough.8,14 Fortunately, reciprocal space map-
ping RSM can be employed to determine the full state of
strain of a film. The advantage of this approach is that the
substrate distortions and uncertainties are irrelevant.15 In this
letter, we studied the anisotropic crystallographic character-
istics of m-plane GaN films grown on LiAlO2 LAO100
substrates. Williamson–Hall W-H plots reveal different tilts
and lateral correlation lengths along the two orthogonal di-
rections. The RSMs of selected reflections exactly give the
information of the out-of-plane and in-plane strain compo-
nents. The photoluminescence PL spectra of m-plane GaN
exhibits the energy splitting and polarization selection for
transitions, which implies that the VBs are strongly modified
under this anisotropic strain distribution.
Two typical m-plane GaN thin films on LAO100 used
in this study were grown by metal-organic chemical vapor
deposition. Following a GaN cover layer for protecting LAO
substrates, the main GaN layer was grown at 1050 °C.4 The
only difference of process is the growth temperature of the
cover layer GaN; one is 800 °C S1, the other one is
850 °C S2. The thickness of both GaN films is about
0.9 m. The samples were mounted on the goniometer of a
PANalytical X’Pert-Pro MRD for analyzing the structure
properties of m-plane GaN. In the inset of Fig. 1, a schematic
diffraction geometry is shown. Here we define the azimuth
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angle  as the 0001 direction of GaN with respect to vector
P and the sample is rotated anticlockwise. Diffraction spectra
of both samples were recorded and we found that the inten-
sity as well as the full width at half-maximum FWHM of
the -rocking curves of the 11¯00 reflection show M-shape
as a function of azimuth angles. The M-shape dependence
shows 180° cycle, which indicates the C2v symmetry in the
growth plane. It also exhibits some collinear features in the
GaN epilayer probed by atomic force microscopy.4 Both an-
isotropic crystallography and surface morphology are quite
similar to the behavior of nonpolar GaN grown on different
substrates.5,8,16 This result implies different mosaic block di-
mensions along the two orthogonal directions, parallel and
perpendicular to the 0001 direction of m-plane GaN. In
order to obtain the tilt and lateral correlation length of mo-
saic blocks along the two directions, W-H plots of the
11¯00, 22¯00, and 33¯00 -scan diffraction peak widths
are implemented. Figure 1 shows the W-H plots of m-plane
GaNS1 for azimuth 0° and 90°, which are linear plots of
the FWHM of -scans as a function of the reflection orders,
where the FWHM sin / is given using reciprocal lattice
units RLUs;  and  are the incident angle and wavelength
of the x-ray. This method is usually utilized to obtain the
mosaic properties of III-nitrides.17,18 Extracted from the
slope and y intersection of these plots, the tilt and the lateral
correlation length are obtained as 0.39° 0.48° and
317 nm29 nm parallel to perpendicular to the c axis,
which shows obviously anisotropic mosaic block dimen-
sions. The features of m-plane GaN are also approved from
the symmetric 11¯00 RSMs at azimuth 0° and 90°, as shown
in Figs. 2a and 2b. The upper ellipse is the RSM of
LAO200 and the lower one is the RSM of GaN 11¯00.
The FWHM values of GaN ellipse in reciprocal space paral-
lel Qx axis in RLU are 20.0910−4 for azimuth 0° and
43.2610−4 for azimuth 90°, while along Qy axis they are
13.4510−4 and 15.1710−4, respectively. The broadening
of reciprocal lattice points RLPs is elongated discrepantly,
which also implies the anisotropic crystallography of
m-plane GaN.
As known, each RLP vector is defined by the distance
from the origin point O and the direction of the plane nor-
mal. The distance represents the inverse of the interplanar
spacing. The interplanar spacing normal to the interface can
be obtained from symmetric reflection; that in the plane of
the interface can be obtained by comparing the positions of
two reflections.15 To the situation of m-plane GaN, it should
define the interplanar spacings in GaN layer as an orthogonal
set dz and dx in the plane of the interface and dy normal to the
interface plane. These parameters can be calculated from the
symmetric and asymmetric RSMs of several reflections. The
selected reflections for m-plane GaN are 11¯00, 213¯0, and
22¯01, which asymmetric reflections should satisfy skew
geometry condition. In Fig. 2, four maps of reflections from
different planes are showed and the reciprocal space coordi-
nate Qz, Qx, and Qy are labeled. The RSM of GaN 11¯00
was measured in symmetric reflection as to get the atomic
plane spacing normal to the interface dy,
dy =
1
	Sy
=

sin  + sin2 − 
,
where  and 2 are the incident and scattering angles of
11¯00. Then the RSM of 213¯0 Fig. 2c at the same
azimuth was obtained using skew geometry. The interplanar
spacing dx in the plane of interface can be determined from
the RSMs by obtaining the reciprocal of the differences 	Sx
of two reflections from 213¯0 and 11¯00 with
dx =
1
	Sx
=

cos  − cos2 −  − cos  − cos2 − 
,
where  and 2 are the incident and scattering angles of
213¯0. As to obtain the interplanar spacing dz, the RSM of
GaN 22¯01 Fig. 2d should be measured. The differences
	Sz of reflections from 22¯01 and 11¯00 at azimuth angle
90° for calculating dz similar to dx. Thus, the interplanar
spacings are achieved independently along each orthogonal
direction, and the strain components can be deduced by 
FIG. 1. W-H plots for m-plane GaN. Several -rocking curves were mea-
sured for ll¯00 reflections. The straight lines are linear fitting.
FIG. 2. Color online The combination of four RSMs of m-plane GaN in
reciprocal space to determine the crystallographic properties and the state of
strain: a symmetric RSM of 11¯00 at azimuth 0°, b symmetric RSM of
11¯00 at azimuth 90°, c asymmetric RSM of 213¯0, and d asymmetric
RSM of 22¯01.
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= dmeasure−drelax /drelax. The results exhibit that the m-plane
GaN films is under biaxial compressive strain xx=−0.79%
and zz=−0.14% with an out-of-plane dilatation yy =0.38%
for S1, and xx=−1.01%, zz=−0.19%, yy =0.48% for S2.
Both of them present anisotropic strain. The anisotropic
strain is influenced by two factors. The lattice mismatches
along the x and z directions are 0001GaN  010LAO
−0.3% and 112¯0GaN  001LAO−1.7%.16 The thermal-
expansion coefficient mismatches along the x and z direc-
tions are −67% and −69%.19 Thus, it is reasonably consid-
ered that the anisotropic strain ratio primarily originates from
lattice mismatch ratio along the x and z directions. However,
the values of strain in S1 and S2 are slightly different, which
is owing to the different growth temperatures.
In bulk wurtzite GaN, the top VB at the Brillouin-zone
center  point is split into three subbands, heavy hole
HH, light hole LH, and spin-orbit crystal-field split-off
hole SCH. The excitons involving electrons in the CB and
holes in the HH, LH, and SCH bands are referred to as A, B,
C transitions, respectively, as shown in Fig. 3. When c-plane
GaN is under isotropic in-plane strainxx=yy, the energy
levels for the HH and LH bands with wave functions mainly
of x
 iy-like, are almost degenerated at  point. One way
to separate the degenerated energy levels of HH and LH
bands at  point is to introduce anisotropic strainxxyy.
It has been already revealed by HRXRD that m-plane GaN
films grown on LAO show compressive strain along x and
tensile strain along y in the c plane. At this situation, the
wave functions of HH and LH band become x-like and
y-like. According to calculations by Domen et al.9 and
Ghosh et al.,10 the energy levels at  point for x-like goes
up and that for y-like goes down. Thus, the alignment of
three top VBs at  point are x-like, z-like and y-like,
corresponding to almost polarized transitions T1, T2, and T3
in order of increasing energy. This modified band structure is
expected to be detectable in polarized PL measurement. Fig-
ure 3 shows the polarized PL spectra of one m-plane GaN
S1 on LAO100 measured at room temperature RT.20
When the polarized light electric-field vector E turned per-
pendicular Ec and parallel E c to the c axis of GaN,
the band-edge emission peaks of m-plane GaN shift from
3.416 to 3.453 eV corresponding to transition T1 and T2, re-
spectively. The energy discrepancy of the two polarized tran-
sitions is 37 meVat RT. The polarized PL results testify
about energy splitting and polarization selection of m-plane
GaN films reported by Ghosh et al. The energy discrepancy
is close to their result of 40 meV by means of photoreflec-
tance spectroscopy at RT.12
In summary, the anisotropic crystallographic properties
and strain of the m-plane GaN grown on LAO100 are re-
vealed by W-H plots and RSMs. This anisotropic strain fur-
ther separates the energy levels of top VB at  point. The
polarized PL spectra exhibit energy splitting as well as po-
larization selection for the transitions T1 and T2, respectively.
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FIG. 3. PL spectra of m-plane GaN at electric polarizations turned from
Ec to E c. The insets show the energy levels at  point of bulk GaN left
and m-plane GaN under anisotropic strain right
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